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UNIFICATION MODELS 

As constraints from accelerator searches and direct detection experiments improve, and 
in anticipation of the potential for discovery at the LHC, it worthwhile comparing what 
we can extract from existing data. I will assume several unification conditions placed 
on the supersymmetric parameters. In all models considered, the gaugino masses are 
assumed to be unified at the GUT scale with value, m-in, as are the trilinear couplings 
with value Aq. Also common to all models considered here is the unification of all 
sfermion masses set equal to mo at the GUT scale. In the most constrained scenarios 01, 
I will apply the full set of conditions which are derived in minimal supergravity models 
(mSUGRA) In addition to the conditions listed above, these include, the unification 
of all scalar masses (including the Higgs soft masses), a relation between the bilinear and 
trilinear couplings Bq = Aq — mo, and the relation between the gravitino mass and soft 
scalar masses, m 3 / 2 = mo. When electroweak symmetry breaking boundary conditions 
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are applied, this theory contains only / 2 , mo, and Aq in addition to the sign of the Higgs 
mixing mass, /i, as free parameters. The magnitude of }i as well as tan /3 are predicted. 

The extensively studied [3] constrained version of the MSSM or CMSSM drops 
the latter two conditions. Namely, Bq and the gravitino mass are not fixed by other 
parameters. As a result, tan/3 becomes a free parameter (as does the gravitino mass). 
Finally, I will also discuss a less constrained model, the NUHM, in which the Higgs soft 
masses are not unified at the GUT scale |4j,|5|]. In this class of models, both \x and the 
Higgs pseudo scalar mass become free parameters. 

INDIRECT SENSITIVITIES 

Measurements at low energies can provide interesting indirect information about the su- 
persymmetric parameter space. For example, data obtained at the Brookhaven — 1 
experiment [6] favored distinct regions of parameter space [J. Present data on observ- 
ables such as Mw, sin 2 e ff, and BR(b — > sy) in addition to {go— 2) already provide in- 
teresting information on the scale of supersymmetry (SUSY) flalM]- The non-discovery 
of charginos and the Higgs boson at LEP also imposes significant lower bounds on mi/ 2 - 
An important further constraint is provided by the density of dark matter in the Uni- 
verse, which is tightly constrained by the three-year data from WMAP ifloll which has 
determined many cosmological parameters to unprecedented precision. In the context of 
the ACDM model, the WMAP only results indicate 

Q m h 2 = 0.126812X Q bh 2 = 0.022331JS 2 (1) 

The difference corresponds to the requisite dark matter density 

&CDMh 2 =0.1045l8;8°g (2) 

or a 2o range of 0.0855 - 0. 1 189 for a C DMh 2 . 

The dark matter constraint has the effect within the CMSSM, assuming that the dark 
matter consists largely of neutralinos of restricting mo to very narrow allowed 
strips for any specific choice of Aq, tan /3 and the sign of \l These strips are 

typically due to co-annihilation processes between the neutralino and stau 111411 . Shown 
in Fig. [l]are the WMAP lines IU2I1 of the (mi/2,mo) plane allowed by the cosmological 
constraint and laboratory constraints for \x > and values of tan/3 from 5 to 55, in 
steps A(tan/3) = 5. We notice immediately that the strips are considerably narrower 
than the spacing between them, though any intermediate point in the (mm, mo) plane 
would be compatible with some intermediate value of tan/3. The right (left) ends of 
the strips correspond to the maximal (minimal) allowed values of mi/2 and hence 
m x . The lower bounds on m\ji are due to the Higgs mass constraint for tan/3 < 23, 
but are determined by the b — > sy constraint for higher values of tan/3. Thus, the 
dimensionality of the supersymmetric parameter space is further reduced, and one may 
explore supersymmetric phenomenology along these 'WMAP strips', as has already 
been done for the direct detection of supersymmetric particles at the LHC and linear 
colliders of varying energies fl5l[l6ll . 
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FIGURE 1. The strips display the regions of the (m l ^2i m o) plane that are compatible with 0.094 < 
£lyh 2 < 0.129 and the laboratory constraints for fi > and tan/3 =5,10, 15,20,25,30,35,40,45,50,55. 
The parts of the strips compatible with gfi~2 at the 2-0 level have darker shading. 



Another mechanism for extending the allowed CMSSM region to large m x is rapid 
annihilation via a direct-channel pole when m x ~ 1 17, 3. Since the heavy scalar 
and pseudoscalar Higgs masses decrease as tan /3 increases, eventually 2m x ~ yield- 
ing a 'funnel' extending to large m^n and mo at large tan/3, as seen in the high tan/3 
strips of Fig. [T] 

For large values of tan/3, particularly when ma is small, supersymmetry leads to an 
enhancement in an otherwise rare decay of the B meson, namely B s — > fl + fl . The decay 
B s — > /i + /i is known to impose another interesting constraint on the paramet er sp aces 
of models for physics beyond the Standard Model, such as the MSSM lfl9l Eol l2lll . 
The Fermilab Tevatron collider already has an interesting upper limit ~ 2 x 10~ 7 on 
the B s — > decay branching ratio 12211 . and future runs of the Fermilab Tevatron 

collider and the LHC are expected to increase significantly the experimental sensitivity 
to B s -> decay. Indeed, the latest CDF limit Q, is now 1 x 10 7 at the 95% 

CL. Currently, B s — > /i + /i does not provide strong constraints in the CMSSM lEoll . 
However, as we will see, in the NUHM, current experimental limits already exclude 
interesting models lElll . 

Finally, there is one additional region of acceptable relic density known as the focus- 
point region [24], which is found at very high values of niQ. As yhq is increased, the 
solution for \i at low energies as determined by the electroweak symmetry breaking 
conditions eventually begins to drop. When \x < m\/2, the composition of the LSP gains 
a strong Higgsino component and as such the relic density begins to drop precipitously. 
As niQ is increased further, there are no longer any solutions for }i. 

In 10, 0] we considered the following observables: the W boson mass, Mw, the 
effective weak mixing angle at the Z boson resonance, sin 2 e ff , the anomalous magnetic 
moment of the muon, (g^ — 2) (we used the SM prediction based on the e + e~ data for 
the hadronic vacuum polarization contribution II25J) and the rare b decays BR(b — > sy), 



as well as the mass of the lightest CP-even Higgs boson, m/,. 

We performed the analysis of the sensitivity to mi / 2 moving along the WMAP strips 
with fixed values of Aq and tan/3. The experimental central values, the present experi- 
mental errors and theoretical uncertainties are as described in Assuming that the 
five observables are uncorrected, a j} fit has been performed with 

4 / p ex P ptheo \ 



n=\ 



Here R^ p denotes the experimental central value of the nth observable, i?* eo is the cor- 
responding theoretical prediction, o n denotes the combined error, and and Xm h denotes 
the x 2 contribution coming from the lightest MSSM Higgs boson mass |2D. 

Our final analysis ingredient is the elastic scattering cross section between a neutralino 
and the proton, which is tested by direct detection experiments. The following low- 
energy effective four-fermion Lagrangian describes spin-independent elastic ^-nucleon 
scattering: 

& = a-iixxmu (4) 

which is to be summed over the quark flavours q, and the subscript i labels up-type 
quarks (i = 1) and down-type quarks (i = 2). Expressions for a-a can be found in II261 . 
The scalar part of the cross section can be written as 

o 3 = ^t[Zf p + (A-Z)f n }\ (5) 
where m r is the reduced LSP mass, 

y q=u,d,s H c,b,t H 

the parameters fj are defined by 

m pfTq = {p\ m qW\P) = m q B q, ( 7 ) 

frG = * ~~ T,q=u,d,sfrq 1^3]' an d /« nas a simile expression. This may be determined 
from the 7T-nucleon E term, which is given by 

o KN = Z=~(m u + m d )(B u +B d ). (8) 
and carries substantial uncertainties 112611 . Here we will consider E = 45 and 64 GeV. 



MSUGRA MODELS 



We begin the discussion of unifications models, with the most constrained version of 
the MSSM, based on mSUGRA, labelled here as the VCMSSM fjj\. Recall that in these 



models, tan /3 is fixed by the electroweak boundary conditions, and values of tan /3 are 
generally below 35 for most of the m^^o planes which are now characterized by 
Aq/mq. As a result, relic density funnels do not appear, nor is the focus point ever 
reached. The signal from B s — > fi + \x is very weak and direct detection experiments 
are only beginning to sample these models (see below for the CMSSM). 

Fig. El displays the % 2 function for a sampling of gravitino dark matter (GDM) 
scenarios 112 811 obtained by applying the supplementary gravitino mass condition to 
VCMSSM models for A /m = 0,0.75, 3 - and 2, and scanning the portions of the 
m^^.mQ planes with GDM at low niQ These wedges are scanned via a series of 
points at fixed (small) mo and increasing min. As seen in Fig. El the global minimum 
of X 2 for a U the VCMSSM models with gravitino dark matter (GDM) with Aq/mq = 
0,0.75, 3 — v^3 and 2 is at niin ~ 450 GeV. As a consequence, there are good prospects 
for observing the gluino and perhaps the stop at the LHC. We recall that, in these GDM 
scenarios, the X\ is the NLSP, and that the Xi is heavier. The fi decays into the gravitino 
and a T, and is metastable with a lifetime that may be measured in hours, days or weeks. 
Specialized detection strategies for the LHC were discussed in [29]]: this scenario would 
offer exciting possibilities near the fi pair-production threshold at the ILC. 

The results indicate that, already at the present level of experimental accuracies, 
the electroweak precision observables combined with the WMAP constraint provide 
a sensitive probe of the VCMSSM, yielding interesting information about its parameter 
space. The rise in x 2 at low m i/2 1S primarily due to the constraint from m h , whereas at 
high nix 12, the rise is due to the discrepancy between the — 2 measurement and the 
standard model calculation. Also important however are the contributions from Mw and 
sin e ff as will be seen in the analogous discussion for the VCMSSM. 
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FIGURE 2. The dependence of the % 2 function onni\i2 for GDM scenarios with Aq /mo = 0, 0.75 , 3 — 
\/3 and 2, scanning the regions where the lighter stau X\ is the NLSP. 

As discussed above, a feature of the class of GDM scenarios discussed here is that 
the required value of tan/3 increases with m\/2- Therefore, the preference for relatively 
small nii/2 discussed above maps into an analogous preference for moderate tan/3. We 



found that, at the 95% confidence level 



300GeV<m 1/2 < 800GeV, 15 < tan/3 < 27 
in this mSUGRA class of GDM models. 



(9) 



THE CMSSM 



When we drop the conditions on Bq and m 3/ / 2 , we recover the well studied CMSSM. 
tan /3 is now a free parameter, and we will assume that the gravitino is suitably heavy so 
as to allow for neutralino dark matter. For a given value of tan /3 and Aq, the relic density 
can be used to fix mo as a function of m\ji producing the WMAP strips seen in Fig.[T] 

The first panel of Fig. displays the behaviour of the % 2 function out to the tips of 
typical WMAP coannihilation strips. As one can see, there is a pronounced minimum in 
X as a function of for tan/3 = 10. The % 2 curve depends strongly on the value of 
Aq, corresponding to its strong impact on m^. Values of Aq/mi^ < ~ 1 are disfavoured 
at the 90% C.L., essentially because of their lower my, values, but Ao/mj/2 = 2 and 1 
give equally good fits and descriptions of the data. The constraint due to m/ 2 is chiefly 
responsible for the sharp rise in % 2 at low m^. 
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FIGURE 3. The combined likelihood function X 2 f or me electroweak observables M\y, sin 2 e ff, 
(g — 2)^, BR(b — > sy), and nif, evaluated in the CMSSM for tan /3 = 10 (a) and 50 (b), m t = 172.7 ± 2.9 
GeV and various discrete values ofAo, with niQ then chosen to yield the central value of the relic neutralino 
density indicated by WMAP and other observations. 

At large m 1/ / 2 , the increase in % 2 is largely due to — 2, but also has sizable 

contributions from the observables A% and sin e ff . The importance of these latter 
two observables has grown with recent determinations of nit ■ The previous range m t = 
178.0 ± 4.3 GeV Q has evolved to 172.7 ± 2.9 GeV Q (and very recently to 
172.5 ±2.3 GeV 13 and even more recently to 171.4 ±2.3 GeV Q). The effect 
of this lower m t value is twofold 



First, it drives the SM prediction of Mw and sin e ff further away from the current 
experimental value 2 . This effect is shown in Fig. |U for tan/3 = 10. The change in the 
SM prediction elevates the experimental discrepancy to about 1.5 o, despite the change 
in the preferred experimental range of Mw, which does not compensate completely for 
the change in m t . The net effect is therefore to increase the favoured magnitude of the 
supersymmetric contribution, i.e., to lower the preferred supersymmetric mass scale. 
In the case of sin 2 e ff, the reduction in m t has increased the SM prediction whereas 
the experimental value has not changed significantly. Once again, the discrepancy with 
the SM has increased to about 1.5 o, and the preference for a small value of mi/ 2 has 
therefore also increased. With the new lower experimental value of m t , Mw and sin 2 e ff 
give substantial contributions, adding up to more than 50% of the (g — 2)^ contribution 
to X 2 at the tip of the WMAP strip. Secondly, the predicted value of the lightest Higgs 
boson mass in the MSSM is lowered by the new m t value. As a result, the LEP Higgs 
bounds 113 511 now impose a more important constraint on the MSSM parameter space, 
notably on mm. 
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FIGURE 4. The CMSSM predictions for Mw (a) and sin e ff (b) as functions ofm j j 2 for tan /3 = 10 for 
various Aq. The top quark mass has been set to m t = 172.7 GeV. The current experimental measurements 
indicated in the plots are shown by the solid lines. Future ILC sensitivities are estimated by the dashed 
lines. 

The corresponding results for WMAP strips in the coannihilation, Higgs funnel and 
focus-point regions for the case tan/3 = 50 are shown in Fig. [3Jd. The spread of points 
with identical values of Aq at large m\ji is due to the broadening and bifurcation of 
the WMAP strip in the Higgs funnel region. With the lower value of m t , there is the 
appearance of a group of points with moderately high % 2 that have relatively small 
m i/2 ~ 200 GeV. These points have relatively large values of mo and are located in 
the focus-point region of the (mi/ 2 i m o) plane H2411 . By comparison with our previous 
analysis, the focus-point region appears at considerably lower values of mo, because of 
the reduction in the central value of m t . This focus-point strip extends to larger values of 
mo and hence mi / 2 that are not shown. The least-disfavoured focus points have a Ax 2 of 



2 Whereas (g — 2) M and BR(b — > sy) are little affected. 
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FIGURE 5. Scatter plots of the spin-independent elastic-scattering cross section predicted in the 
CMSSM for tan/3 = 10, fl > 0, with E = 64 MeV. In panel b, the predictions for models allowed at the 
68% (90%) confidence levels are shown by blue x signs (green + signs). 



at least 3.3, and most of them are excluded at the 90% C.L. 

Taken at face value, the preferred ranges for the sparticle masses shown in Fig.|3]are 
quite encouraging for both the LHC and the ILC. The gluino and squarks lie comfortably 
within the early LHC discovery range, and several electroweakly-interacting sparticles 
would be accessible to ILC(500) (the ILC running at y/s = 500 GeV). The best-fit 
CMSSM point is quite similar to the benchmark point SPSla [36] (which is close 
to point benchmark point B [15]) which has been shown to offer good experimental 
prospects for both the LHC and ILC lf3vll . The prospects for sparticle detection are also 
quite good in the least-disfavoured part of the focus-point region for tan /3 = 50 shown 
in Fig. |3Jd, with the exception of the relatively heavy squarks. 

Direct detection techniques rely on an ample neutralino-nucleon scattering cross- 
section. In Fig.|3k, we display the expected ranges of the spin-independent cross sections 
in the CMSSM when we sample randomly tan /3 as well as the other CMSSM parameters 
ll26ll . Also shown on the plot is the current CDMS |38] exclusion curve which places an 
upper limit on the scattering cross section. As one can see, the current limits have only 
just now begun to probe CMSSM models. CMSSM parameter choices with low % 2 based 
on the indirect sensitivities discussed above are shown in panel b where both the 68% 
and 95% CL points for tan/3 = 10 and 50 are displayed. These points remain below 
current the CDMS sensitivity. 



NUHM MODELS 

In the NUHM, we can either choose the two Higgs soft masses as additional free pa- 
rameters or more conveniently we can choose ji and m^. The addition of new param- 
eters opens up many possible parameter planes to study. In ||9j], in addition to mi/ 2 ^ m o 
planes with non-CMSSM values of jl and m^, ^ 2 's were computed for m\j2i\i and H,niA 
planes. It was concluded that although the preferred value of the overall sparticle mass 
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FIGURE 6. Scatter plots of the spin-independent elastic-scattering cross section predicted in the 
CMSSM for (a, b) tanj3 = 10, ju > and (c, d) tan/3 = 50, jU > 0, with (a, c) E = 45 MeV and (b, d) 
£ = 64 MeV. The predictions for models allowed at the 68% (90%) confidence levels are shown by blue 
x signs (green + signs). 



scale set by n may be quite similar in the NUHM to its CMSSM value, the masses of 
some sparticles in the NUHM may differ significantly from the corresponding CMSSM 
values. 

The NUHM also allows for the possibility of significantly higher elastic cross sections 
for x ~ P scattering and current constraints already exclude many interesting models 
lE^l . Furthermore, in those NUHM models which have cross sections in excess of the 
CDMS limit, one finds relatively low values of /i and m^. 

In Fig. the current CDMS limit is shown compared with a scan over the NUHM 
parameter space. In panel a, the value of the 7T-nucleon E parameter was taken as 45 
MeV and can be compared to panel b, where E = 64 MeV. The latter clearly shows 
higher elastic cross sections and represents an inherent uncertainty in the theoretical 
predictions for these cross sections. 

Some specific NUHM (jU,m^) planes for different values of tan/3, m\n and mo are 
shown in Fig. [TJ exhibiting the interplay of the different experimental, phenomenological 
and theoretical constraints 112 ill . Each panel features a pair of WMAP strips, above and 
below the = 2m x solid (blue) line. The WMAP strip is also seen to follow the brick- 
red shaded region where the fi is the LSP. The lower parts of the WMAP strips are 
excluded by B s — > as tan/3 increases as seen by the thick black curve which 

represents the tevetron limit. Here one sees clearly the consequence of the improvement 
to the CDF bound from 2 to 1 xlO 7 as more of the WMAP strip is now excluded. 
However, in each case sensitivity to B s — > ji + /i below 10~ 8 would be required to 
explore all of the upper WMAP strip. 

Also shown in Fig. [71 is a dashed grey line which is the constraint imposed by 
the CDMS upper limit on spin-independent elastic cold dark matter scattering. It is 
interesting to note that the CDMS bound excludes a somewhat larger part of the lower 
WMAP strip than does 2?$ — > /i + /! for tan /3 = 40, whereas the B s ^> /i + /i constraint 
is stronger for tan /3 = 50. Most interesting is the result that these two observables are in 
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FIGURE 7. Allowed regions in the (/a, Ma) planes for m 1 ^ 2 — 500 GeV and mq = 300 GeV, for (a) 
tan/3 = 40, and (b) tan/3 = 50. In each panel, the near-horizontal solid blue line is the contour where 
Ma = 2tn%, and the turquoise strips are those where the relic neutralino LSP density falls within the range 
favoured by WMAP and other cosmological and astrophysical observations. The LEP chargino limit is 
shown as a dashed black line and the GUT stability constraint as a dot-dashed black line. The regions 
disallowed because the Ti would be the LSP are shaded brick-red. Contours of the B s — > Li + )A~ branching 
ratio are labelled correspondingly, with the current Tevatron limit the boldest black line, and the CDMS 
constraint is shown as a dashed grey line. There is no electroweak symmetry breaking in the polka-dotted 
region. 



fact quite comparable and one can infer from these figures, that the positive detection of 
either B s — > fi + fi~ or the direct detection of dark matter should be matched quickly by 
the detection of the other. 
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